Estrogens influence nearly every aspect of hippocampal function, including memory formation. Although this research has traditionally focused on ovariectomized females, more recent work is providing insights into the ways in which estrogens regulate hippocampal function in both sexes. This review provides an overview of estrogenic regulation of hippocampal function in female and male rodents, with a particular emphasis on memory formation. Where applicable, we discuss the involvement of specific estrogen receptors and molecular mechanisms that mediate these effects. The review concludes by suggesting gaps in the literature that need to be filled to provide greater insights into potential sex differences in the effects of estrogens on hippocampal function.
Introduction
In the past three decades, increasing attention has been paid to the effects of the potent estrogen 17b-estradiol (E 2 ) on the hippocampus. This research has provided important insights into estrogenic facilitation of hippocampal synaptic plasticity and memory formation in female rats and mice. Much less is known about how E 2 regulates hippocampal memory in males, despite high levels of estrogen receptor (ER) expression and E 2 levels in the male hippocampus. This review synthesizes key studies examining effects of exogenous E 2 on hippocampal learning and memory in female and male rodents. Molecular mechanisms underlying the memory-enhancing effects of E 2 on hippocampal memory consolidation will also be described. The review concludes by considering gaps in the literature that should be filled to better understand how E 2 regulates hippocampal learning and memory in both sexes. Due to the short format of this article, we refer readers to other recent reviews (e.g. [1] [2] [3] [4] [5] [6] [7] [8] ) for more detailed information on sex differences in hippocampal memory, and effects of E 2 on hippocampal morphology, physiology, and memory.
Estrogens and the hippocampus
The most well-studied ERs, ERa, ERb, and G-proteincoupled ER (GPER), are located throughout the rodent hippocampus [9, 10] . The structurally homologous ERa and ERb are intracellular receptors that act in the nucleus as transcription factors to mediate slower classical (aka, 'genomic') effects of estrogens, and at the plasma membrane where they interact with neurotransmitter and growth factor receptors to trigger rapid non-classical (aka, 'non-genomic') effects on cell signaling and gene transcription. GPER is a membrane ER that mediates rapid G-protein-stimulated cell signaling. In both sexes, these receptors are widely distributed throughout hippocampal neurons, appearing within nuclei, dendritic spines, dendrites, axons, and axon terminals, as well as in astrocytes [11] [12] [13] 14 ]. ER localization to extranuclear sites, particularly dendritic spines [11] [12] [13] 14 ], positions them to mediate the rapid effects of estrogens on processes like cell signaling, local protein synthesis, and dendritic spinogenesis.
In females, numerous aspects of hippocampal morphology and physiology are regulated by E 2 , including CA1 dendritic spine density, neurogenesis, cell signaling, epigenetic processes, gene transcription, protein translation, and synaptic plasticity (see [1, 3, [15] [16] [17] [18] [19] for reviews). For example, CA1 spine density in female rats is elevated during the proestrus phase of the estrous cycle, when estrogen levels are most elevated, relative to the estrus phase, in which estrogen levels are low [20] . Bilateral ovariectomy in rats and mice reduces CA1 spine density [20] , an effect that can be reversed within 30 min by systemic injection or dorsal hippocampal infusion of E 2 [21, 22 ]. These effects can be mediated by ERa, ERb, or GPER [23 ,24] , and depend on rapid activation of extracellular signal-regulated kinase (ERK) and mammalian target of rapamycin (mTOR) cell signaling in the dorsal hippocampus [22 ] . The mTOR pathway is activated by upstream signaling kinases including phosphoinositide 3-kinase (PI3K) and ERK, and triggers rapid local protein translation within dendrites leading to spine remodeling [25] . Both ERK and mTOR signaling are necessary for hippocampal synaptic plasticity and memory formation in male rodents [25] , and for E 2 -induced
